There are important physiological and pathological cardiovascular consequences related to endothelial biomechanical properties. The endothelium, however, is not unique in responding to external forces; virtually all cells accommodate or respond to the mechanical environment. (Circulation Research 1993;72:239-245) T he evolution of organisms has been both constrained and facilitated by many internal and external mechanical limitations. Mechanical sensing systems used by primitive cells to ensure survival have been retained, often in modified form, in multicellular animals and in the tissues and organ systems of mammals to form specialized sensors that monitor both the internal state of the organism as well as its interactions with the external environment. Mechanical stresses alter the structural and functional properties of cells (mechanotransduction) at the cellular, molecular, and genetic levels, leading to both rapid responses in the adjacent tissue and slower adaptive changes to a sustained mechanical environment. The latter often results in an alteration of intracellular tension to counterbalance the external stress.
Mechanical Stress
Stress is force per unit area, which may be manifested as pressure (and compression) acting inward upon a structure, frictional shear at the surface, and tensile reactive forces acting outward, often to equalize an externally imposed stress. Tissues and cells also exhibit definitive stresses characteristic of solid bodies; e.g., torsional stresses resulting from internal shear stresses may be imposed across an entire tissue or organ when subjected to opposing external shearing forces on opposite faces. Hydrostatic forces, both inside and outside the cell, are another example of pressure.
Breadth of Mechanical Responses
In organisms as diverse as microbes, plants, and animals, the retention of cellular responses to mechanical stress factors reflects the fundamental importance of this process. Stretch-sensitive ion channels occur in Bacillus subtilis, Escherichia coli, rust fungi, yeast, mollusks, insects, amphibians, birds, reptiles, and mammals. In mammals, interconnecting forces on muscles, bones, and connective tissues are additive to the effects of gravity; when gravitational forces are decreased in space, tissues remodel to adapt to the altered load. In the pressurized cardiovascular system, where mechanical demands on the heart and arteries vary enormously, adaptive mechanisms are essential to facilitate the optimal distribution of blood. The endothelium plays a key role in this by regulating vascular tone.
Mechanical Stress Responses in Endothelial Cells
The arterial endothelium is located at the interface between blood flow and the vessel wall; consequently, it is uniquely exposed to forces that incorporate diverse mechanical characteristics. Blood flow regulates the internal diameter of arteries both acutely, by relaxation/ contraction of smooth muscle cells,' and chronically, by the reorganization of vascular wall cellular and extracellular components.2 In both cases, the presence of the endothelium is required. Thus, the endothelium functions as a mechanically sensitive signal transduction interface between blood and artery wall. Endothelial cells hold a unique position among biomechanically responsive cells because, in addition to pressure and associated stretch and solid mechanical forces, the cells are continuously exposed to relatively high fluid shear stresses to which they readily respond. Consequently, they represent an excellent model for studies of the effects of fluid and solid-phase stress on cell function in general. 3 When endothelial cells are subjected to shear stress or mechanical stretching, a diverse set of responses are generated; some are extremely fast, whereas others develop over many hours. These are outlined in Table 1 in the approximate order of response time. Rapid changes in ionic conductance, adenylate cyclase activity, inositol trisphosphate generation, and intracellular free calcium in response to mechanical stress are similar to second messenger responses resulting from agonistreceptor coupling, suggesting that they may share common transduction pathways. The rapid responses are followed after several hours by altered gene expression (growth factors, endothelin, and regulators of fibrinolysis) and by major structural reorganization (cytoskeletal redistribution and cell-shape change) if the forces are sustained. How are such stresses manifested in the blood?
Blood flow in arteries is generally laminar; however, the vessel geometry near branches, bifurcations, and curved regions promotes flow separation and vortex formation. At such locations, the fluid shear stresses and pressures fluctuate greatly in magnitude and direction over short distances; elsewhere, the forces are unidirectional and pulsatile. A schematic of forces acting on the endothelial cell is shown in Figure 1 ; the stresses are similar to those imposed on other cells, except that blood flow imparts much higher levels of fluid shear stress than in any other mammalian tissue. In the fluid phase, the force vectors of pressure/stretch and wall shear stress act on the endothelial surface. In endothelium, as in all anchorage-dependent cells, these external mechanical stresses are imposed on a preexisting force equilibrium generated by the cytoskeletal tension.4 Overall, the forces acting on the cell must be balanced by resistance to the action. The forces are transmitted as solid mechanical stresses that are distributed throughout the cell via the cytoskeleton. Intracellular tensile stresses may then be transmitted to adjacent cells and to the underlying extracellular matrix structures via sites of focal adhesion at the ventral cell surface. Thus, the spatial relations of the cell to its neighbors and the surrounding matrix will influence cell tension and mechanotransduction. How then are these interrelated?
Stress Transmission and Transduction
There is strong evidence that the force transduction mechanisms in endothelial cells, like anchorage-dependent cells in general, are a combination of force transmission via cytoskeletal elements and transduction of the physical forces to biochemical signals at mechanotransducer sites. The most compelling evidence implicates F-actin microfilaments as the principal transmission structure. F-actin also appears to be required for transduction; e.g., in several cell types, stimulation of adenylate cyclase and stretch-activated ion channels in response to deformation is inhibited by disruption of actin microfilaments.5 Endothelial focal adhesion remodeling, cell-shape change, and realignment to flow ament turnover. In this regard, the endothelium behaves like other anchorage-dependent nontransformed cells. How does the mechanochemical transduction take place such that the mechanisms are consistent with diverse response times?
The microfilament network confers tension to the cell, which, together with microtubular rigidity, determines cell shape.4 Actin filaments are anchored in the plasma membrane at several sites (Figure 1 ), most notably in association with 1) focal adhesions on the ventral surface, 2) intercellular adhesion proteins at the cell periphery, 3) integral membrane proteins at the apical cell surface, and 4) the nuclear membrane.
Although the stress transmission pathway is shared, different responses may be determined by the nature of the association between cytoskeleton and mechanotransducers at the different locations in the cell and possibly also by transducers that are independent of the cytoskeleton. Figure 1 illustrates the likely sites of transduction, and Figure 2 summarizes the principal pathways linking stress transmission and transduction.
The existence of mechanically activated ion channels6 provides a prototypic mechanism for rapid transduction of stress to an electrophysiological response. Recently, Schultz et a17 have demonstrated that adenylate cyclase purified from Paramecium flagella can act as a K' channel in which the hyperpolarized state of the enzyme regulates cAMP production. Thus, ion flux and generation of an important biochemical second messenger are regulated by an enzyme that exhibits some of the functional characteristics of an ion channel. Since in many cells adenylate cyclase activation occurs in response to mechanical stimulation,5 a direct effect of stress on integral membrane enzymes and ion channels may generate second messenger activity by similar mechanisms. Stretch-activated,6 stretch-inactivated, 8 and shear stress-activated9 ion channels are candidates for direct activation.
Are cytoskeletal elements necessary for ion channel responses? Although the presence of cytoskeleton is not energetically necessary to activate the ion channels (stretch activated channels can solely use the free energy stored in the transmembrane electrochemical gradient and are sensitive to the tension imposed by membrane lipids6), disruption of actin microfilaments inhibits their responses. It is unclear whether the cytoskeleton-channel association is by direct linkage or is an indirect effect of changing the "background" cytoskeletal tension exerted on the membrane in general. Other membrane proteins, both integral as well as those linked to the glycocalyx extension of the cell surface, could act as flow sensors that, on deformation, activate membrane enzymes and channels.
Integral membrane proteins of the integrin superfamily are the most extensively studied sites of microfilament anchorage to the plasma membrane. The integrins are linked to F-actin on the cytoplasmic side via a-actinin, talin, and vinculin.10 On the cell surface, integrins bind to the extracellular matrix, thereby facilitating a series of protein-protein interactions extending from outside the cell to the filamentous cytoskeleton. Endothelial cell shape and DNA synthesis are regulated by integrin-extracellular matrix associations that determine the tensional integrity (tenare all inhibited by drugs that interfere with microfil- Concluding Remarks
There has been a large increase of interest in mechanotransduction over the last few years as investigators in well-developed research areas, particularly biology and signal transduction, have begun to study mechanical stress mechanisms in cells, often in collaboration with physical scientists. The importance of hemodynamic forces has focused much attention on the endothelium, but only recently has attention narrowed from the observational to the mechanistic level. The role of cytoskeleton and focal adhesion proteins is likely to be particularly important in these shear responsive cells. Are phosphorylation events altered by flow? Can mechanotransduction be influenced by integrin subunit manipulation (e.g., truncation or antibody block)? Can the precise topography of the apical cell surface and its deformation by flow be measured in real time to determine shear stresses localized to specific domains? Could there be tensionrelated conformational changes in the nucleus, transmitted via cytoskeletal anchorage to the nuclear membrane? Within tissues, can the tension distribution be more precisely evaluated throughout a cell in relation to the matrix that surrounds it? In the near future, cloning of the genes that code for stretch-and shearsensitive ion channels will provide valuable probes, and parallels between hormone/growth factor transduction and mechanotransduction should continue to be a rich source for comparative studies.
